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Chronic Mild Stress during Gestation Worsens Neonatal
Brain Lesions in Mice
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Cerebral palsy remains a public health priority. Recognition of factors of susceptibility to perinatal brain lesions is key for the prevention
of cerebral palsy. In most cases, the pathophysiology of these lesions is thought to involve prior exposure to predisposing factors that
make the developing brain more vulnerable to perinatal events. The present study tested the hypothesis that exposure to chronic minimal
stress throughout gestation would sensitize the offspring to neonatal excitotoxic brain lesions, which mimic lesions observed in cerebral
palsy. Pregnant mice were exposed to chronic, ultramild stress, applied throughout gestation. Neonatal brain lesions were induced by
intracerebral injection of glutamate analogs. Excitotoxic lesions were significantly worsened in pups exposed to gestational stress. Stress
induced a significant rise of circulating corticosterone levels both in pregnant mothers and in newborn pups. The deleterious effects of
stress on excitotoxicity were totally suppressed in mice with reduced levels of glucocorticoid receptors. Stress induced a significant
increase of neopallial NMDA binding sites in the offspring. At adulthood, animals exposed to stress and neonatal excitotoxic challenge
showed a significant impairment in the Morris water maze test when compared with animals exposed to the excitotoxic challenge but not
the gestational stress. These findings suggest that stress during gestation, which may mimic low-level stress in human pregnancy, could

be a novel risk factor for cerebral palsy.
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Introduction
The development of the CNS is dependent on interactions be-
tween genetic and epigenetic factors, some of which could affect
the susceptibility of the developing brain to subsequent damag-
ing insults (Bhutta and Anand, 2002). Supporting this hypothe-
sis, exposure of the human fetal brain to chorioamnionitis-driven
inflammation makes the developing brain exquisitely vulnerable
to perinatal hypoxic-ischemic insults (Dommergues et al., 2000;
Eklind et al., 2001). This two-hit mechanism seems to be key in
the pathophysiology of cerebral palsy (CP) and other neurologi-
cal impairments linked to term and preterm (23-32 weeks of
gestation) birth (Dammann et al., 2002).

Gestational stress has been shown to be a potential factor as-
sociated with a higher risk to develop some neurological and
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psychiatric disorders (for review, see Weinstock, 2001). Similarly,
in animal models, stress can induce lasting deficits in the off-
spring (for review, see Kofman, 2002). Long-lasting effects of
stress have been linked to disturbances in the function of the
hypothalamo—pituitary—adrenocortical axis (Avishai-Eliner et
al., 2002; Van den Bergh et al., 2005). Moreover, stress during
pregnancy may cause alteration in brain development, leading to
altered synaptic connectivity and persistent deficits in brain
function.

Based on these studies, we propose the hypothesis that mater-
nal stress during gestation could be a risk factor for perinatal
brain lesions. To test it, we used a well characterized mouse model
of neonatal excitotoxic brain lesions (Marret et al., 1995; Gres-
sens et al., 1997; Dommergues et al., 2000; Tahraoui et al., 2001;
Husson et al., 2002), which mimic lesions observed in preterm
and term human infants who will later develop CP. In this model,
intracerebral administration of glutamate analogs acting on
NMDA or non-NMDA receptors replicates the excess release of
glutamate induced, among others, by hypoxic—ischemic insult
(Volpe, 2001). This excitotoxic model was combined with an
original chronic ultramild stress procedure (CUMS) applied dur-
ing the entire gestation. From a mechanistic point of view, the
effects of CUMS on circulating corticosterone levels and iono-
tropic glutamatergic receptor density were evaluated in this
model.
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Materials and Methods

Animals and mating procedure

Three types of virgin female mice were used: 64 C57BL/6 mice (Charles
River, L’Arbresle, France), eight glucocorticoid receptor-impaired
(GR-I) mice (Pepin et al., 1992), a transgenic B6C3F1 mouse strain ho-
mozygous for the presence of rat glucocorticoid receptor antisense RNA
and eight wild-type B6C3F1 control mice. At their arrival in the labora-
tory, all mice were 8 weeks of age and were housed in groups of five per
cage in our animal research facility in 37.5 X 21.5 X 18 cm cages and kept
on standard conditions (12 h light/dark cycle, 22 * 2°C, food and water
ad libitum). All experimental protocols and procedures complied with
the guidelines of the French Ministry of Agriculture.

All females were mated at 12 weeks with a sexually experienced male of
the same genotype. Each female was paired with one male at 9:00 A.M.,
and the experimenter checked the plugged females at 2:00 P.M., which
were immediately housed individually in cages for the whole gestation.
Eight C57BL/6 plugged females were isolated to constitute the multi-
gravid female group. The aim was to estimate the importance of parity.
Although the link between age and parity is obvious, we tried, as far as
possible, to treat the variable parity independently of the age of the moth-
ers. Consequently, the second and third litters of the multigravid females
were killed 24 h after birth, to compare multigravid and primigravid
females of the same age (of note, it was impossible to obtain aged primi-
gravid females, because they could not maintain their pregnancies until
term). This protocol was justified by previous results (Cohen-Salmon et
al., 1982; Cohen-Salmon, 1988), showing that quality of pup care behav-
ior was not modified in multigravid mothers by the suppression of their
first litters. Primigravid and multigravid gestating females were divided
in two groups. The controls were undisturbed during the entire gesta-
tional period. The experimental groups (stressed) were subjected to a
CUMS procedure from observation of the plug to parturition [postnatal
day 0 (P0)] and placed in a stress room (22 = 2°C, variable light/dark
cycle, food and water ad libitum). If no plug was observed, females re-
turned to their home cage until the next morning for a new mating
procedure. Ten days after the beginning of the mating procedure, no
gestating females were excluded from the study.

CUMS procedure

The CUMS procedure was described in detail by Lanfumey et al. (1999).
This procedure was based solely on environmental and social stressors,
without any food/water deprivation or any nociceptive events: (1) three
ultramild diurnal stressors delivered over a period of 1 or 2 h witha2 h
stress-free time between two diurnal stressors: periods of cage tilt (30°),
confinement in smaller cages (11 X 8 X 8 cm), and paired housing; (2)
four ultramild nocturnal stressors: one overnight period of difficult ac-
cess to food, one overnight period of permanent light, one overnight
period of 30° cage tilt, and one overnight in a soiled cage (50 ml of water
in sawdust bedding); (3) a reversed light/dark cycle during the weekend.
This 1 week stress regimen was repeated three times during gestational
time.

Experimental groups

Pups from at least two different litters were used in each experimental
group, and data were obtained from two or more successive experiments.
Sex of pups was determined by visual inspection at birth and was con-
firmed after death by both anatomical inspection and PCR for srY.

In a first set of experiments, first-litter and fourth-litter C57BL/6,
first-litter GR-I, and wild-type control pups from stressed and control
groups were submitted to an excitotoxic challenge on P5 before seizure
activity determination during the first 24 h and lesion size determination
on P10. In addition, first-litter GR-I and wild-type control pups from
unstressed mothers were used to measure glucocorticoid receptor
mRNA expression at PO and P5.

In a second set of experiments, first-litter control C57BL/6 pups re-
ceived a daily subcutaneous injection of 40 mg - kg ~' - d ' corticoste-
rone (Sigma-Aldrich, St. Quentin Fallavier, France) diluted in 5 ul of
DMSO or DMSO alone either between P1 and P5 or once on P5. Some
control pups did not receive any subcutaneous injection. Ibotenate was
injected intracerebrally to some P5 pups, immediately after the last cor-
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ticosterone injection and lesion size determination was performed on
P10. Other corticosterone-exposed pups were killed at P5 8 h after the last
corticosterone injection and used to determine circulating corticoste-
rone levels.

In a third set of experiments, primigravid control C57BL/6 and
B6C3F1 GR-I mothers received a daily subcutaneous injection of 3 mg *
kg ™'+ d ! corticosterone diluted in 100 pl of DMSO or DMSO alone
between embryonic day 13 (E13) and E18. Ibotenate was injected
intracerebrally to pups on P5, and lesion size determination was per-
formed on P10.

In a fourth set of experiments, first-litter stressed and control C57BL/6
pups were killed on PO or P5 to measure circulating corticosterone levels,
brain BDNF expression, and brain ionotropic glutamate receptor expres-
sion. These pups were not submitted to any excitotoxic challenge. In this
set of experiments, corticosterone levels were also measured in the moth-
ers on E15, PO, and P5.

In a fifth and last set of experiments, first-litter stressed and control
C57BL/6 pups were submitted to an excitotoxic challenge on P5 before
behavioral analysis at 2 months of age.

Excitotoxic lesions and lesion size determination

Excitotoxic brain lesions were induced by injecting 10 ug of ibotenate
(NMDA and metabotropic receptor agonist; Tocris Bioscience, Bristol,
UK), 5 ug of NMDA (NMDA receptor agonist; Tocris Bioscience), or 15
pg of S-bromowillardiine (AMPA and kainate receptor agonist; Tocris
Bioscience) into P5 mouse brains. As described previously (Marret et al.,
1995; Dommergues et al., 2000; Tahraoui et al., 2001), mouse pups anes-
thetized with isoflurane were kept under a warming lamp and were in-
jected intracerebrally (into the neopallial parenchyma). Intraparenchy-
mal injections were performed with a 25 gauge needle on a 50 ul
Hamilton syringe mounted on a calibrated microdispenser. The needle
was inserted 2 mm under the external surface of scalp skin in the fronto-
parietal area of the right hemisphere, 1 mm from the midline in the
lateral-medial plane, and 1.5 mm anterior to bregma in the rostrocaudal
plane. Two 1 ul boluses were injected at 20 s intervals.

On P10, pups were killed by decapitation. Brains were immediately
fixed in 4% formalin. After embedding in paraffin, we cut 16-um-thick
coronal sections. Every third section was stained with cresyl violet. Pre-
vious studies (Gressens et al., 1997; Husson et al., 2002) have shown an
excellent correlation between the maximal size of the lesion in the lateral—
medial and fronto-occipital axes of the excitotoxic lesions. Based on these
findings, we cut serial sections of the entire brain in the coronal plane for
this study. This permitted an accurate and reproducible determination of
the sagittal fronto-occipital diameter. We used this linear measure as an
index of the lesion volume.

To further confirm the correlation between the sagittal diameter and
the volume of the lesion, both the sagittal diameter and the total volume
of the lesion were measured in a subset of experiments. Brains were
serially sectioned as described above, and volumes were measured using
the Neurolucida software-controlled computer system (MicroBright-
Field Europe, Magdeburg, Germany).

Circulating corticosterone level determination

Stressed and control C57BL/6 pups (on PO and P5) and their mothers (on
E15, PO, and P5) were decapitated at 8:30 A.M. to collect trunk blood in
1.5 ml of EDTA-coated microcentrifuge tubes. In addition, control
C57BL/6 pups treated with a single injection of corticosterone on P5 or
with daily (between P1 and P5) subcutaneous corticosterone were decap-
itated on P5 8 h after the corticosterone injection. Samples were kept on
ice and later centrifuged for 20 min at 9000 rpm at 4°C. Plasma was
transferred to clean 1.5 ml microcentrifuge tubes, and plasma samples
were stored frozen at —20°C until the determination of corticosterone.
Corticosterone levels were measured by RIA (MP Biomedicals, New
York, NY).

Real-time reverse transcription-PCR for glucocorticoid

receptor mRNA

Stressed and control C57BL/6 pups, B6C3F1 GR-I, and control pups
were killed on PO or P5. Ten animals were included in each treatment
group. Brains were removed, and cortex and underlying white matter
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immediately adjacent to the normal site of excitotoxin injection (see
above) were rapidly dissected from the different animals for RNA extrac-
tion. Total RNA was extracted as described previously (Lelievre et al.,
2002), followed by DNasel. For each sample, 600 ng were used in reverse
transcription (iScript kit; Bio-Rad, Hercules, CA). As described previ-
ously (Husson et al., 2005), for the glucocorticoid receptor, the following
pair of primers was designed to selectively amplify a 93 bp fragment
spanning the 1234-1336 region of the published mouse sequence
(NR3C1, NM008173): 5'-TTATGGATATTCAAGCCCTGG-OH and
5'AGGCAGAGTTTGGGAGGTAGT-OH. To standardize the experi-
ments, we used a primer set (5-CCGGCTTGTATGCTATC and
5-TCAGTATGTTCGGCTTC, as sense and antisense, respectively) for
the mouse 2-microglobulin gene. These primers amplified an 87 bp
region encoding the nucleotides 99-185 of the published sequence
(MMB2MR) of the mouse mRNA. Amplified BDNF variants and 32-
microglobulin bands were cloned into PCRII and sequenced to confirm
identity. Real-time PCR was set up using SYBR Green-containing super-
mix from Bio-Rad, for 58 cycles of a three-step procedure, including a
30 s denaturation at 96°C, a 30 s annealing at 64°C, and a 30 s extension
at 72°C. Quantification used standard curves made from serial dilutions
of control RNA sample or of the corresponding cDNA cloned into PCRIT
vector. Differences between samples were calculated as the difference
between the specific ratios (BDNF variant/32-microglobulin) calculated
for each individual sample. Experiments were independently run three
times. In each experiment, samples were performed in triplicates.

NMDA, AMPA, and kainate receptor binding sites

Stressed and control C57BL/6 pups were killed on P5. Ten animals were
included in each treatment group. Brains were dissected, and hemi-
spheres were used for membrane preparation. The density of NMDA
receptor was studied by the binding of the tritiated channel blocker dizo-
cilpine (*H-MK-801) (PerkinElmer, Zaventen, Belgium). Tissue prepa-
ration and incubations were performed according to Reynolds and
Sharma (1999). The binding assay was performed for 2 h at room tem-
perature in 1 ml of HEPES (10 mwm; pH 7.4) buffer containing 100 ug of
proteins, 0.5-1 nm *H-MK-801, in the presence of L-glutamate (100 gm)
and glycine (30 um). The nonspecific binding (NSB) was evaluated by
addition of 30 um unlabeled MK-801 (ICN Biomedicals, Costa Mesa,
CA) or 100 um ketamine (Ketalar; Pfizer, Zurich, Switzerland). Incuba-
tions were stopped by rapid filtration through glass fiber filters (GF/B;
Whatman; Sigma-Aldrich) presoaked with poly-ethyleneimine. The fil-
ters were rinsed four times by 4 ml of ice-cold HEPES buffer and counted
for radioactivity. Experiments were independently run seven times.

The density of kainate receptors was studied by the binding of kainic
acid (vinylidene- *H) (*H-kainic acid; PerkinElmer). Tissue preparation
and incubations were performed according to Hawkins et al. (1995). The
binding assays were performed for 90 min at room temperature in 0.3 ml
of Tris (100 mum; pH 7.4) buffer containing 25-100 pg of proteins, in the
presence of NaCl (100 mm) and MgCl, (5 mm). The binding was assessed
at two radioligand concentrations (2—15 and 20-70 nm). NSB was eval-
uated by addition of 1 mm L-glutamate. Incubations were stopped by
rapid filtration on GF/B presoaked filters as described for *H-MK-801
binding assay, using ice-cold Tris (100 mm), pH 7.4. Experiments were
independently run three times. AMPA receptors were studied by the
binding of amino-3-hydroxy-5-methyloxazole-4-propionic acid, pL-
a[5-methyl->H] (*H-AMPA; PerkinElmer) according to the same pro-
cedure, in the presence of the chaotropic agent KSCN (100 mm) in incu-
bation buffer.

Seizure activity

Stressed and control C57BL/6 P5 pups received ibotenate intracerebrally.
Seizures were recorded by video during the first 15 min of the first,
fourth, eighth, and 24th hours after the excitotoxic insult. After each
period of recording, pups were returned to dams. Seizures were defined
as paroxysmal events characterized by clonic jerks of the contralateral
limbs or of the whole body and were quantified by two blinded investi-
gators. As there was no effect of the time elapsed after the insult on seizure
occurrence (data not shown), data from the four time points were pooled
in both experimental groups.
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Behavioral testing

Behavioral tests and confirmation of brain lesions. Control and stressed
C57BL/6 adult males that had been exposed to an excitotoxic challenge
on P5 were randomly coded to conduct a blind study. Animals were 42
7 d of age at the onset of testing. Behavioral testing was conducted during
4 consecutive days using a Morris water maze habituation. Immediately
after the end of the Morris water maze task, the animals were killed, and
their brains were immediately fixed in 4% formalin. After embedding in
paraffin, we cut 16-um-thick coronal sections. Every third section was
stained with cresyl violet, allowing confirmation of the presence of a
brain lesion in all animals.

Morris water maze apparatus and procedure. A circular pool (100 cm
diameter) filled to a depth of 24 cm with opacified water maintained at
35 *+ 2°Cwas used. Water was made opaque by the addition of a nontoxic
product provided from the cosmetology industry. The pool was virtually
divided into four quadrants of equal area: northeast, northwest, south-
east, and southwest. A circular escape platform (8 cm diameter) was
located in the center of the southeast quadrant and submerged ~0.5 cm
below the surface of the water. Around the pool, various extramaze cues
served as visual reference points for the animals: black geometric images
(squares, crow, and triangles) on the walls, the light, and shelves.

On the first day, mice were familiarized with water and swimming in a
Morris water maze habituation session during which animals were al-
lowed to swim ad libitum during two 60 s sessions in the pool without the
escape platform. During the 3 test days, mice were submitted to three
sessions separated by a 1 h period. A session was composed of four
randomized trials so that the four cardinal start points were used three
times every day. A trial was initiated by placing each mouse in the water
facing the pool wall in one of the four start points. Mice were allowed to
swim a maximum of 60 s to find the hidden platform. When it succeeded,
it could stay on it during a 30 s period (intertrial time). The experimenter
noted the time taken to reach the hidden platform [latency escape (LE)].
In case of failure, the mouse was given the maximum score (61 s), and the
experimenter put the mouse in the hidden platform for the intertrial
time. The next trial started just after the intertrial time.

Statistical analysis

Most of the neuropathological, biochemical, and molecular data were
analyzed with a Student’s t test or a one-way ANOVA. In ANOVA anal-
yses, when a primary effect of treatment group was found to be signifi-
cant, Dunnett’s multiple-comparison tests were performed. In the subset
of experiments in which lesion size was evaluated in males and females,
results were studied using a three-way ANOVA with treatment (stress vs
control), gender (female vs male), and gravidity (primigravid vs multi-
gravid) as between-subjects factors. When a main effect of treatment,
gender, or gravidity or their interaction was found to be significant, we
conducted pairwise comparisons between treatment groups using a Stu-
dent’s 7 test.

In behavioral tests, for each mouse, mean LE was calculated for each
testing day (D1, D2, and D3). These means were then analyzed using
two-way repeated-measures ANOVA with day as the within-subject fac-
tor and treatment (CUMS vs control) as the between-subjects factor.
When a main effect of treatment, day, or their interaction was found to be
significant, post hoc comparisons between groups were made using the
Tukey’s correction. Differences with p < 0.05 were considered statisti-
cally significant.

Results

Mortality and epileptic manifestations

Overall mortality was low in the present study, with death seen in
<3% of the animals injected with excitotoxin. No significant
difference was observed in a test of contingency (exact Fisher test)
when the CUMS and control groups were compared. Epileptic
manifestations including clonic or tonic seizures and apneas were
observed in all excitotoxin-treated animals. However, when com-
pared with controls, CUMS did not induce any difference in
frequency (53 = 9 convulsions per 15 min in stressed pups vs
49 = 10 in control pups) or severity (qualitatively assessed) of
seizures during the first 24 h after the excitotoxic challenge.
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Figure 1.
offspring. Shown are cresyl violet-stained sections showing brain lesions induced by ibotenate
injected at P5 and studied at the age of P10. A, Brain from a control pup not exposed to CUMS
during gestation and treated with intracerebral ibotenate, showing the typical neuronal loss in
layers II-VI (arrow) and the white matter cystic lesion (*). B, Brain from a pup exposed to CUMS
during gestation and treated with intracerebral ibotenate. Scale bar, 40 m.

CUMS during gestation exacerbates ibotenate-induced brain lesions in (57BL/6

Effects of CUMS on neonatal excitotoxic brain lesions in
C57BL/6 mice

Control pups injected intracerebrally with ibotenate (an agonist
of both NMDA and metabotropic glutamatergic receptors) at P5
developed cortical lesions and periventricular white matter cysts
(Figs. 1A, 2A-D). The cortical lesion was typical of ibotenate-
induced lesions, with severe neuronal loss in all neocortical layers
and almost complete disappearance of neuronal cell bodies along
the axis of ibotenate injection. In control pups, there was no
significant effect of gravidity and gender on the size of the cortical
plate and white matter lesions (Fig. 2A-D).

CUMS exposure significantly increased the size of both corti-
cal plate and underlying white matter lesions [up to 77% increase
of cortical plate lesion size (p < 0.0001 vs unstressed animals)
and up to 120% increase of white matter lesion size ( p < 0.0001
vs unstressed animals)] (Figs. 1B, 2A-D). Again, there was no
significant effect of gravidity and gender. Accordingly, in subse-
quent experiments using C57BL/6 mice, male and females pups
from primigravid mothers were used and combined for analysis.
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Figure 2.  A-D, Effects of CUMS on excitotoxic brain lesions induced by ibotenate (4-D),
NMDA (E, F), or S-bromowillardiine (G, H) in (57BL/6 mice. Excitotoxins were injected at P5,
and pups were killed at P10. Bars represent mean sagittal diameter (4, , E, G) or mean volume
(B, D, F, H) of the lesions = SEM. Asterisks indicate statistically significant difference from
control males (4-D) or controls (E-H). *p << 0.05, **p << 0.01, ***p < 0.001 in three-way
ANOVA with contrasts (A—G) or in Student’s ¢ test (E~H). Ctrl, Control.

CUMS-induced exacerbation of ibotenate-induced lesions
was replicated in pups injected with NMDA [an agonist of
NMDA glutamatergic receptors; 60% increase of cortical plate
lesion size ( p < 0.001 vs unstressed animals) and 59% increase of
white matter lesion size ( p < 0.001 vs unstressed animals)] (Fig.
2E,F).

In pups injected with S-bromowillardiine (an agonist of
AMPA and kainate glutamatergic receptors), CUMS exacerbated
excitotoxic periventricular white matter lesions (71% increase of
lesion size; p < 0.01 vs unstressed animals) without significantly
modulating cortical plate lesions (Fig. 2G,H ).

In this first set of experiments, measurement of the maximal
sagittal fronto-occipital diameter of the lesion or of the volume of
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Figure 3.  Real-time PCR quantification of glucocorticoid receptor (GR) mRNA. Pups from
control (Ctrl) and GR- unstressed B6C3F1 mothers were killed at PO or P5. Brains were removed,
and cortical plate (A) and underlying white matter (B) immediately adjacent to the normal site
of excitotoxin injection were collected for RNA extraction. Bars represent mean GR/f3,-
microglobulin ratios == SEM. Asterisks indicate statistically significant differences between Ctrl
pups from unstressed mothers and pups from mothers exposed to CUMS. *p << 0.05, **p <
0.01, ***p <C0.001 in ANOVA with Dunnett’s test.

the lesion showed very similar results (Fig. 2). Accordingly, in the
following sets of experiments, measurement of the maximal sag-
ittal fronto-occipital diameter of the lesion was used as an index
of the volume of the lesion.

Effects of CUMS on corticosterone levels in C57BL/6 mice
The effects of CUMS on corticosterone blood levels were deter-
mined both in pregnant and postdelivery mothers, as well as in
newborn pups. CUMS significantly increased corticosterone lev-
els in mothers at E14 (47.2 = 1.0 vs 36.8 = 1.4 pg/100 ml in
unstressed controls; p < 0.0001) and PO (22.4 = 1.1vs 9.9 £ 0.7
ng/100 ml; p < 0.0001) and in pups at PO (4.6 = 0.8 vs 1.8 = 0.4
ng/100 ml; p = 0.039) and P5 (0.13 = 0.04 vs 0.06 = 0.01 ug/100
ml; p = 0.03).

Effects of CUMS on neonatal excitotoxic brain lesions in

GR-I mice

To test the hypothesis that this CUMS-induced surge in cortico-
sterone levels plays a role in the observed effects of CUMS expo-
sure on excitotoxic lesions, we studied B6C3F1 GR-I mice, which
have reduced levels of glucocorticoid receptors (Dijkstra et al.,
1998). We further confirmed by real-time PCR the significantly
reduced expression of glucocorticoid receptor in PO and P5
B6C3F1 GR-I pups both in the cortical plate ( p < 0.001 at PO and
p < 0.01 at P5 vs control B6C3F1 pups) and underlying white
matter ( p < 0.001 at PO and p = 0.015 at P5 vs control B6C3F1
pups) (Fig. 3).

In control B6C3F1 mice, CUMS significantly exacerbated
ibotenate-induced lesions both in cortical plate (p < 0.01 vs
unstressed animals) and underlying white matter ( p < 0.001 vs
unstressed animals) (Fig. 4A). As in C57BL/6 mice, there was no
significant effect of gender (Fig. 4A). In contrast, in B6C3F1 GR-
I-deficient mice, there was no detectable effect of CUMS expo-
sure on ibotenate-induced brain lesions (Fig. 4 B).

Effects of prenatal and postnatal corticosterone on excitotoxic
brain lesions in C57BL/6 and B6C3F1 GR-I mice

To further elucidate the role of corticosterone in CUMS effects
and, in particular, to discriminate the effects of in utero increased
levels of corticosterone in mother and fetuses from the effects of
increased levels of corticosterone in postnatal pups, pregnant un-
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cant difference from controls. **p << 0.01, ***p < 0.001 in two-way ANOVA with Student's t
posttest. Ctrl, Control.

stressed mothers or pups from unstressed mothers were injected
intraperitoneally with corticosterone before ibotenate injection.

In unstressed C57BL/6 pups, a single injection of 40 mg/kg
corticosterone immediately before ibotenate injection had no de-
tectable effect on excitotoxic brain lesions (Fig. 5A). This regimen
induced a significant increase of circulating corticosterone when
measured 8 h after the subcutaneous injection (0.63 * 0.12 vs
0.36 = 0.05 ng/100 ml in control pups; p = 0.049).

In unstressed C57BL/6 pups, daily administration of 40 mg/kg
corticosterone between P1 and P5 induced a significant protec-
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tween E13 and E18 (C, D) on ibotenate-induced brain lesions in C57BL/6 (A—C) or B6C3F1 GR-1
(D) pups. Ibotenate was injected at P5, and pups were killed at P10. Bars represent mean
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tion of cortical plate against ibotenate insult ( p < 0.01), whereas
it had no detectable effect on the underlying white matter lesion
(Fig. 5B). This regimen induced a significant increase of circulat-
ing corticosterone when measured 8 h after the last subcutaneous
injection (1.53 £ 0.09 vs 0.49 * 0.09 ug/100 ml in control pups;
p < 0.0001).

In contrast, daily administration of 3 mg/kg corticosterone to
unstressed pregnant C57BL/6 mothers between E13 and E18 sig-
nificantly increased the size of both cortical plate ( p < 0.001) and
underlying white matter ( p < 0.01) lesions (Fig. 5C). However, a
similar corticosterone treatment of unstressed pregnant B6C3F1
GR-I mice did not significantly affect the size of cortical plate and
underlying white matter lesions (Fig. 5D).

Effects of CUMS on neonatal ionotropic glutamate receptor
expression in C57BL/6 mice

In all experiments, the binding of *H-MK-801 was increased in
membrane extracts from CUMS-exposed pups. The mean den-
sity was approximately twofold higher in extracts from CUMS-
exposed pups than in controls (5.3 = 0.8 vs 2.4 = 0.3 fmol/100 ug
of protein; p < 0.01). In contrast, the binding of *H-AMPA and
of *H-kainate was not significantly affected by CUMS (130.2 +
15.2 vs 113.1 = 2.0 fmol/100 pg of protein for *H-AMPA and
739 * 144 vs 679 * 10.8 fmol/100 g of protein for
3H-kainate).

Effects of CUMS and excitotoxic brain lesions on

long-term behavior

The results of ANOVA of latency escape revealed a significant
effect of day (F, 35) = 27.13; p < 0.0001) showing an evolution of
performance along the three test periods as well as a day-by-
treatment significant interaction (F, 3¢, = 4.93; p = 0.0128). Post
hoc comparisons of both group performances between day 1 and
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day 3 of testing showed a significant decrease of latencies in un-
stressed lesioned (excitotoxic challenge) animals ( p < 0.0001)
and an absence of evolution of performance with time in stressed
lesioned animals. These results revealed that only the unstressed
animals were able to learn this spatial memory task (Fig. 6).

Discussion

The present study showed that prenatal exposure to CUMS exac-
erbates neonatal excitotoxic brain lesions in murine offspring.
This vulnerability to excitotoxicity induced by CUMS seems to be
mediated by increased corticosterone levels during gestation and
increased NMDA receptor density in the neonatal brain and has
long-term functional consequences. These findings suggest that
gestational CUMS, which may mimic low-level stress in human
pregnancy, could be a novel risk factor for perinatal brain lesions,
as may be seen in conditions such as CP.

CUMS is a factor of vulnerability to neonatal excitotoxic
brain lesions in mice

One striking result of the present study is the demonstration that
exposure of pregnant mice to CUMS is a factor of vulnerability to
neonatal excitotoxic brain lesions in the offspring. To our knowl-
edge, this is the first demonstration that gestational stress can
exacerbate neonatal brain lesions mimicking some lesions ob-
served in human infants with cerebral palsy.

The mouse brain is lissencephalic, its periventricular white
matter thickness is much smaller, and brain maturation is differ-
ent from in humans; these factors limit extrapolation of observa-
tions in rodents to humans. However, excitotoxic white matter
lesions in newborn mice mimic several key aspects of human
periventricular leukomalacia, a lesion most frequently observed
in preterm infants (Marret et al., 1995; Tahraoui et al., 2001).
Similarly, excitotoxic gray matter lesions mimic lesions observed
in asphyxiated human term neonates (Marret et al., 1995). The
fact that CUMS exacerbated both periventricular white matter
and gray matter excitotoxic lesions suggests that gestational stress
might be a risk factor for preterm and term human neonates at
risk of perinatal brain lesions.

This exacerbating effect of gestational CUMS was indepen-
dent from the gender of the offspring. The interaction between
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gender and gestational stress is rather complex. Although gesta-
tional stress has differential neuroendocrine effects in males and
females (Weinstock et al., 1992; McCormick et al., 1995; Jezova et
al., 2002), it also contributes to eliminate gender differences usu-
ally observed in neurochemical profiles of the prefrontal cortex,
amygdala, and hippocampus (Bowman et al., 2004).

The exacerbating effect of gestational CUMS was also inde-
pendent from the parity of the pregnant mother, suggesting that,
in mice, experiencing one or several normal pregnancies does not
protect against a subsequent stressed pregnancy in terms of vul-
nerability of offspring in the neonatal period.

The exacerbating effect of CUMS was observed for different
types of glutamate receptor agonists. However, CUMS effects
were present in both white matter and gray matter lesions when
induced by an NMDA receptor agonist (ibotenate or NMDA),
whereas this deleterious effect was observed only in white matter
lesions induced by an AMPA-kainate receptor agonist (S-
bromowillardiine). These differential effects of CUMS might be a
result of the molecular mechanisms by which CUMS induces an
increased vulnerability to neonatal excitotoxic lesions (see below)
and/or of the specific cellular and molecular mechanisms by
which these glutamatergic analogs damage the gray and white
matters in the newborn brain (Tahraoui et al., 2001; Mesples et
al., 2005; Sfaello et al., 2005). The fact that CUMS increased
NMDA receptor binding sites could explain the specificity (see
below).

Interestingly, gestational CUMS by itself did not induce any
detectable brain lesion or disruption of cytoarchitecture on cresyl
violet-stained sections in the offspring (data not shown). Al-
though more sensitive techniques are necessary to fully exclude
the lack of effects of gestational CUMS on the developing brain as
shown in other models of gestational stress (for review, see Wein-
stock, 2001), the present data further support the ultramild char-
acter of this stress protocol (Pardon et al., 2000).

Rationale for choosing CUMS

Protocols for chronic multiple and unpredictable stress were ini-
tiated by Katz et al. (1981), later adapted by Willner et al. (1987),
and more recently modified (CUMS) for gestating females by
Pardon et al. (2000), who excluded the noxious and metabolic
stressors and included long stress-free intervals between stres-
sors. These studies have shown that rodents exposed to chronic,
mild, and unpredictable stressors exhibited marked behavioral
disturbances. When adapted to gestation, this type of stress regi-
men could be of interest for the study of biological and behavioral
disorders triggered by daily life environmental factors during ges-
tation (Pardon et al., 2000; Dole et al., 2003).

Mechanistic basis for the increased susceptibility conferred
by CUMS to neonatal excitotoxic brain lesions

Role of glucocorticoids

Effects of gestational stress on neonatal excitotoxic lesions could
be linked to disturbances in the function of the hypothalamo—
pituitary—adrenal axis. Three lines of evidence strongly support
this hypothesis: (1) as previously observed in other models of
gestational stress (Zarrow et al., 1970; Barbazanges et al., 1996), in
the present study, corticosterone levels were significantly in-
creased in stressed mothers and in the offspring when compared
with unstressed animals; (2) the effects of gestational stress on
neonatal excitotoxic lesions were totally abolished in transgenic
B6C3F1 GR-I mice, which have reduced levels of glucocorticoid
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receptors; and (3) administration of corticosterone to pregnant
mothers mimicked the effects of gestational stress on neonatal
excitotoxic lesions.

Corticosteroids have been largely used for inducing lung mat-
uration in fetuses who are expected to be born preterm and for
preterm infants with respiratory diseases. However, in recent
years, several epidemiological and experimental studies have sug-
gested the potential neurotoxic effects of perinatal steroid ther-
apy on the immature brain (Baud, 2004a,b). Therefore, much
effort has been directed toward finding the optimal regimen that
may reduce lung disease without incurring significant brain in-
jury in fetuses and preterm infants (Friedman and Shinwell,
2004).

Postnatal administration of exogenous corticosterone to new-
born pups from unstressed mothers failed to mimic the deleteri-
ous effects of gestational stress on excitotoxic lesions. These re-
sults suggest that the level of circulating corticosterone at the time
of the excitotoxic insult is not a key factor, but rather, exposure to
abnormally increased levels of corticosterone during brain devel-
opment perturbs some specific step(s) of neocorticogenesis, lead-
ing to an increased vulnerability to a secondary excitotoxic insult
(double-hit hypothesis).

Accordingly, we first explored the potential implication of
disturbances in BDNF production in response to gestational
stress, because immobilization stress or exogenously applied cor-
ticosterone markedly reduce BDNF mRNA and protein levels in
the adult hippocampus (Barbany and Persson, 1992; Smith et al.,
1995; Schaaf et al., 1998). In contrast to these paradigms of stress
in the adult, CUMS did not reduce BDNF expression in the neo-
natal brain (data not shown). We then studied the expression of
ionotropic glutamate receptors in response to gestational stress.

Tonotropic glutamate receptor expression

Social stress and corticosterone have been previously shown to
upregulate NMDA receptor subunits NR2A and NR2B in the
adult lizard (Meyer et al., 2004), whereas adrenalectomy de-
creases NMDA receptors in the rat hippocampus (Mangat et al.,
1998). In contrast, other studies performed in adult mice have
shown that chronic restraint stress induces a reduction of NMDA
receptors and dendritic spines in hippocampus (Watanabe et al.,
1995; Pawlak et al., 2005), suggesting that different types of stres-
sors can have differential effects on NMDA receptor expression.
The present study showed that CUMS increases NMDA receptor
binding sites in the neonatal brain. Although additional studies
are necessary to unravel the precise underlying mechanism link-
ing CUMS to the increased density of NMDA receptors, one can
make the hypothesis that the CUMS-induced increased levels of
corticosterone during gestation lead to changes in cortical
NMDA receptor densities.

This observed increase in NMDA receptors in the offspring
most likely participates in the CUMS-induced exacerbation of
the excitotoxic lesions after ibotenate or NMDA injection. Fur-
thermore, several studies have shown that glucocorticoids are
able to activate NMDA receptors by different direct and indirect
mechanisms, including activation of voltage-dependent calcium
channels or modulation of calcium influx (Kim et al., 1996; Cous-
sens et al., 1997). The potential implication of these mechanisms
in the present model remains to be determined.

Although we did not detect significant changes in the neopal-
lial expression of AMPA and kainate receptor after CUMS, we
cannot exclude the hypothesis that CUMS affects AMPA and/or
kainate receptor efficacy in the white matter. The CUMS-induced
increase in NMDA receptor density could also participate in the
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exacerbation of white matter lesions after S-bromowillardiine
injection. Indeed, we previously showed that neonatal white mat-
ter lesions, but not gray matter lesions, induced by AMPA-
kainate receptor agonists are partly blocked by NMDA receptor
antagonists, suggesting that activation of AMPA-kainate recep-
tors leads to glutamate release, which will in turn activate all types
of white matter glutamatergic receptors, including NMDA recep-
tors (Tahraoui et al., 2001).

Conclusion

Altogether, our data show that maternal chronic stress applied
during gestation can exacerbate excitotoxic neonatal brain dam-
age in mice. Deleterious effects of gestational stress involve in-
creased production of corticosterone during gestation and in-
creased neonatal expression of NMDA receptors. Assuming that
data obtained for the present murine model can be extrapolated
to human neonates, maternal chronic stress should be considered
as a factor of vulnerability for CP.
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